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Abstract

Background: Millions of individuals worldwide, particularly those living in rural and
developing areas, are exposed to harmful levels of inorganic arsenic (iAs) in their drinking water.
Inorganic As exposure during key developmental periods is associated with a variety of adverse
health effects including those that are evident in adulthood. There is considerable interest in
identifying the molecular mechanisms that relate early-life iAs exposure to the development of
these latent diseases, particularly in relationship to cancer.

Objectives: This work summarizes research on the molecular mechanisms that underlie the
increased risk of cancer development in adulthood that is associated with early-life iAs exposure.
Discussion: Epigenetic reprogramming that imparts functional changes in gene expression, the
development of cancer stem cells, and immunomodulation are plausible underlying mechanisms
by which early-life iAs exposure elicits latent carcinogenic effects.

Conclusions: Evidence is mounting that relates early-life iAs exposure and cancer development
later in life. Future research should include animal studies that address mechanistic hypotheses
and studies of human populations that integrate early-life exposure, molecular alterations, and

latent disease outcomes.
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Introduction

It is estimated that 10% of the worldwide disease burden is attributable to inadequate
standards in drinking water, sanitation, and hygiene (Pruss-Ustun et al. 2008). One of the largest
threats to human health worldwide, particularly in rural and developing areas, is the presence of
high levels of inorganic arsenic (iAs) in drinking water. Although the World Health Organization
(WHO) has recommended that the levels of iAs in drinking water should not exceed 10 ppb
(WHO 2011), over 100 million people worldwide are believed to exposed to levels in drinking
water that exceed this limit (Uddin and Huda 2011). Much of this exposure is due to the use of
iAs-contaminated groundwater as a source of drinking water. Although groundwater may be
contaminated with iAs due to anthropogenic activities, it is most often contaminated due to
geological leaching (Garelick et al. 2008). Rural areas and developing countries are often
particularly impacted based on their reliance of groundwater as a source of drinking water. In
terms of affected populations, the impact of this exposure is perhaps most evident in areas of
Southeast Asia including Bangladesh and India (Mukherjee et al. 2006; Sen and Biswas 2013).
For instance, it has been estimated that 35-77 million of the 125 million inhabitants of
Bangladesh may have been exposed to iAs levels in drinking water that exceed the WHO
standard (Karagas 2010; Smith et al. 2000). In addition to the situation in Southeast Asia, it is
becoming increasingly clear that iAs contamination of groundwater and surface waters is a
worldwide problem. Inorganic As concentrations in groundwater have been detected around the
globe at levels that greatly exceed the WHO standard, suggesting many more populations may be
at risk (Ravenscroft et al. 2009). While countries such as the United States have adopted the
WHO standard for limiting iAs exposure via municipally-supplied water, many people in these

countries, perhaps numbering in the millions, may still be exposed to relatively high levels of iAs
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via use of unregulated private wells supplied with groundwater (George et al. 2006; Sanders et
al. 2012). Exposure for populations who generally have more moderate iAs exposure from
drinking water compared to Southeast Asian populations also may occur through the
consumption of certain foods such as rice and rice products (Cottingham et al. 2013; Davis et al.
2012; EFSA 2009). This is of particular concern to vulnerable subpopulations such as infants and
young children who have increased susceptibility to toxicants and may consume relatively large
proportions of rice-containing products compared to adults.

There are numerous and varied health effects attributed to iAs exposure in human
populations such as adverse pregnancy/birth outcomes, increased morbidity and mortality in
infants and children, cognitive impairments in children, and the development of non-
communicable diseases in adults such as cardiovascular disease, peripheral vascular disease,
chronic respiratory disease, and various cancers (Mazumder et al. 2005; Parvez et al. 2013;
Rahman et al. 2007; Rahman et al. 2011; Rahman et al. 2009; Raqib et al. 2009; Smith and
Steinmaus 2009; Wasserman et al. 2004; Wasserman et al. 2007). The carcinogenic impacts of
chronic iAs exposure are among the best-characterized and most intensely-studied effects of 1As.
These effects have been reported at a wide variety of iAs concentrations including relatively low
concentrations observed in the US (Garcia-Esquinas et al. 2013; Gilbert-Diamond et al. 2013).
Inorganic As is classified as a known human carcinogen that targets multiple organs including
the skin, lung, urinary bladder, and liver (IARC 2012; NRC 2001). Elucidating the molecular
mechanisms that link iAs exposure to disease has proven to be a daunting task given the
complexity of disease states and multiplicity of factors that likely influence disease development.
Several mechanisms have been implicated in the development of iAs-associated cancers,

including the generation of oxidative stress, interference with DNA repair, alterations in cellular
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signaling, and alterations to the genome and epigenome. No single mechanism has emerged as a
key event, and it is likely that iAs exerts carcinogenic effects via multiple mechanisms.

In the present article we summarize the current state of knowledge of the relationship
between early life iAs exposure and altered disease risk. In particular, we highlight research
needs that would best elucidate the molecular mechanisms linking early life exposure to iAs and
cancer development later in life. Epigenetic reprogramming has been a major research focus in
this area, and we highlight this as well as two additional and likely interacting mechanisms that
may contribute to carcinogenic effects associated with early-life iAs exposure, namely the
development of cancer stem cells (CSCs) and perturbed immune function.

Early-life inorganic arsenic exposure: evidence for the development
of cancers in animals models and human populations

In both exposed human populations and experimental animals, exposure to iAs during
critical developmental periods has been shown to be sufficient to alter the risk of developing
adverse health effects much later in life (as reviewed by Farzan et al. 2013a). For instance, iAs
has been shown to cause delayed carcinogenic effects in several strains of mice when they are
exposed briefly during the prenatal period. This effect was first observed in C3H mice, in which
offspring born to pregnant females exposed briefly to high doses of sodium arsenite [NaAs,0Os,
1As(III)] in drinking water [42.5 or 85 ppm arsenic during gestational days (GD) 8-18] resulted
in increased incidence and/or multiplicity of tumors in multiple organs in both female and male
adult offspring (Waalkes et al. 2003; Waalkes et al. 2004b). Sex-specific effects were observed,
including a pronounced dose-response effect in the incidence and multiplicity of hepatocellular
carcinoma (HCC), a major form of cancer associated with chronic iAs exposure in humans, in

male offspring (Waalkes et al. 2003). Exposure to iAs(Ill) prenatally as described above
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followed by postnatal application of tumor promoting agents was also found to produce cancers,
tumors and/or proliferative lesions in some organs, and to have initiating effects in other organs
in several strains of mice (Tokar et al. 2010a; Waalkes et al. 2004c; Waalkes et al. 2006a;
Waalkes et al. 2006b; Waalkes et al. 2008). Prenatal iAs exposure is also associated with
accelerated/exacerbated atherosclerosis in apolipoprotein A-knockout (ApoE’/) mice, a mouse
strain used to study atherosclerotic disease. In this model, male offspring born to pregnant ApoE
/- mice administered 85 ppm 1As(IIl) from GDS8 to birth (GD20) is associated with evidence of
increased atherosclerotic disease in male offspring 10 and 16 weeks after birth compared to
controls (Srivastava et al. 2007). Other effects have also been reported at significantly lower
doses, such as cognitive impairments in adult C57B16/J mice that were born to dams exposed to
100 ug/L iAs in drinking water from one week before conception until birth (Cronican et al.
2013).

In epidemiologic studies with an ecological design, a defined period of iAs exposure in
northern Chile revealed several similarities to the mouse studies cited above, namely that early-
life exposure to iAs was associated with a variety of latent health impacts, some of which are
sex-dependent. For instance, young adults (age 30-49) who experienced prenatal and/or
childhood exposure via high levels of iAs in municipally-supplied drinking water (average levels
of 860 ug/L) in the Antofagasta region of northern Chile between 1958-1970 had increased
mortality from both cancerous and non-cancerous effects, including chronic renal disease,
chronic lung disease, acute myocardial infarction, and cancers of the urinary bladder, larynx,
kidney, lung, and liver (Smith et al. 2006; Smith et al. 2012; Steinmaus et al. 2014; Yuan et al.
2007; Yuan et al. 2010). While ecologic studies may be limited by a lack of individual exposure

and outcome data, these findings have been supported by a case-control study in the same part of
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Chile with individual data linking the early life exposures with increased cancer risk in adults
(Steinmaus et al. 2014). Taken together, these results highlight the sensitivity of early life
periods to the effects of iAs, notably at very high levels of exposure, and a major research focus
in recent years has been to understand the molecular alterations that link exposure during these
periods to delayed effects, in particular cancers, later in life.

As discussed in more detail below, analyses of tissue from target organs in C3H and
ApoE’/" mice that were prenatally-exposed to 1As indicated this altered disease susceptibility was
associated with persistent changes in the expression and epigenetic landscape of genes
implicated in disease development (Liu et al. 2004; States et al. 2012; Waalkes et al. 2004a; Xie
et al. 2007). These observations are consistent with theories that suggest permanent alterations or
“reprogramming” of the epigenome is a critical link between toxicant exposure in early life and
altered disease risk later in life (Bollati and Baccarelli 2010; Jirtle and Skinner 2007). The
epigenome, widely considered to include DNA methylation, histone post-translational
modifications, and microRNAs (miRNAs), plays a critical role in the regulation of gene
expression, and therefore epigenetic reprogramming by toxicants may alter the susceptibility to
adverse health outcomes by causing persistent changes in expression patterns of genes involved
in disease development. Epigenetic reprogramming has been a major focus of research efforts
that have set out to elucidate the molecular mechanisms that underlie the link between early life
1As exposure and altered disease risk.

Molecular mechanisms underlying latent carcinogenic effects
associated with early-life arsenic exposure

Epigenetic reprogramming/alterations in gene expression. There are several indications

in transplacental exposure models that iAs may alter disease risk in adulthood via epigenetic
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reprograming and altered gene expression. For instance, liver tissue isolated from newborn male
mice exposed to hepatocarcinogenic doses of iAs in utero had alterations in GC-rich regions
throughout the genome and altered expression of genes implicated in liver tumorigenesis
(Waalkes et al. 2004a; Xie et al. 2007). The expression profiles of similar disease-associated
genes were also observed in HCCs and peritumorous tissue in transplacentally-exposed adult
male mice (Liu et al. 2004; Waalkes et al. 2004a; Xie et al. 2007). Of particular interest was the
increased expression of estrogen receptor alpha (Er-a), which was concurrent with
hypomethylation of several regions of DNA in the E7-a promoter (Waalkes et al. 2004a). This is
of potential significance as there is often an inverse relationship between promoter methylation
status and transcriptional competency. In the ApoE’/ atherosclerosis model, brief prenatal
exposure to 49 ppm iAs(Ill) in maternal drinking water was shown to alter the transcriptional
profiles in the livers of male mice that were evident at post-natal day (PND) 1 and PND 70;
interestingly, the altered mRNA and miRNA profiles differed between these two time points,
which is consistent with reprogramming of gene expression profiles in the liver (States et al.
2012). While the mouse transplacental carcinogenesis models support an associative relationship
between alterations in DNA methylation and the altered expression of key genes, it is unknown if
this relationship is causal, and the mechanisms that underlie the altered DNA methylation
patterns are unknown. The molecular events that cause the reprogramming of gene expression in
the mouse atherosclerosis model are also unknown and must be explored. In addition, the impact
of other epigenetic alterations in the developmental origins of iAs-based disease has been
relatively unexplored in animal models. One study revealed an association in C57B16/J mice
between transplacental exposure to 100 ug/L iAs in maternal drinking water, alterations in global

H3K9 acetylation patterns, and cognitive impairments in adulthood, which is of potential
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significance as changes in histone acetylation patterns have been reported in cognitive
insufficiencies (Cronican et al. 2013). These studies also highlight that epigenetic alterations may
be a mechanism by which iAs may cause a variety of adverse health effects throughout the
lifetime of an individual, many of which are likely unrecognized. Chronic respiratory symptoms
have been reported to be increased in children following early life exposure to iAs in
Bangladesh, although without evidence of reduced lung function (Smith et al. 2013). A recent
study reported early-life exposure to iAs to be associated with reduced lung function in children
(Recio-Vega et al. 2015). These studies need to be confirmed, but underscore that long latency
periods are not necessarily associated with all adverse health effects associated with early-life
1As exposure.

A major area of focus in recent years has been the examination of alterations in gene
expression and epigenetic alterations, including DNA methylation and miRNAs, that are
associated with early life iAs exposure in humans. Many of these analyses have focused on
alterations observed in cord blood leukocytes. Related to prenatal iAs exposure and
transcriptional change, a transcriptomics approach identified 447 iAs-responsive genes in cord
blood leukocytes in newborns from Thailand (n=32; range of maternal toenail arsenic levels in
unexposed subjects=0.10 to 0.38 ug/g; or exposed subjects=0.50 to 68.63 ug/g) (Fry et al.
2007). Most of these genes had increased expression levels associated with iAs exposure and
were enriched for roles in immune and inflammatory response, stress response, and
cancer/tumorigenesis. Related to epigenetic regulation of the transcriptional response, in
Mexican newborns (n=40; range of iAs in maternal drinking water= <1 to 236 ug/L), 12
miRNAs and 334 mRNAs were identified that were correlated with arsenic levels of total urinary

arsenic in maternal urine (range of U-tAs= 6.2 ug/L to 319.7 ug/L) (Rager et al. 2014).
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Functional analyses indicated the modulated miRNAs are known to be regulators of cellular
responses such as inflammation and diseases including cancer and diabetes mellitus with known
links to iAs exposure. Nine of the modulated miRNAs were predicted to regulate the expression
levels of ~20% of the U-tAs-associated mRNAs, providing an indication that miRNAs regulate,
at least to some extent, the transcriptional response to prenatal iAs exposure.

Several analyses have examined iAs-associated perturbations of cord blood proteins. For
instance, the level of several pro-inflammatory cytokines in the cord blood of Bangladeshi
newborns (n=130; median U-tAs=66 ug/L), namely interleukin 1, beta (IL-1p), interleukin 8
(IL8), tumor necrosis factor (TNF), and interferon gamma (INF-y), had U-shaped curves across
quartiles of maternal U-tAs at gestational week 30 (GW30) (Ahmed et al. 2011). Using a
proteomic strategy, a total of 111 maternal U-tAs-associated cord blood proteins were identified
in Mexican newborns (n=50; range of U-tAs=6.2 ug/L to 319.7 ug/L) (Bailey et al. 2014). These
proteins were enriched in functions related to immune/inflammatory response and cellular
development/proliferation and the majority were predicted to be regulated by tumor necrosis
factor (TNF), a protein that is implicated in the development of several adverse health effects
associated with iAs exposure. Most newborns had a positive association between the levels of
proteins and U-tAs, which was consistent with a pro-inflammatory response. However, this
relationship was inverted in some newborns, underscoring an inter-individual response to
prenatal iAs exposure that may impact susceptibility to adverse health outcomes. The basis for
these inter-individual differences remains unknown but may be related to iAs metabolism. These
studies reveal that at the mRNA, miRNA, and protein levels, genes with similar functions such
as immune response are altered in the cord blood of prenatally-exposed newborns across several

populations. As discussed below, alterations in immune function are implicated in a variety of
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adverse health impacts associated with early-life 1As exposure. Still, a precise mechanistic
relationship between these alterations and adverse health impacts remains unknown.
Furthermore, while leukocytes have roles in immune function, the relevance of altered gene
expression profiles in leukocytes to the development/susceptibility of adverse effects in other
target tissues is unclear.

Studies that have examined epigenetic effects associated early-life iAs exposure have
focused on changes in DNA methylation at both the gene-specific level and global levels
(Intarasunanont et al. 2012; Kile et al. 2012; Pilsner et al. 2012). Gene-specific changes may be
significant as they impart functional changes in gene expression levels. Global changes in
methylation status of the genome may also be important as such changes may be associated with
genetic instability. More recent studies have used genome-wide approaches to identify
associations between iAs exposure and the methylation status of individual CpG sites, the
primary target of DNA methylation in humans (Broberg et al. 2014; Kile et al. 2014; Koestler et
al. 2013; Rojas et al., 2015).

Sex-dependent relationships have been observed between the global DNA methylation
status of cord blood leukocytes of Bangladeshi newborns (n=101; range of iAs in maternal
drinking water=0.01 to 66.1 ug/L), and prenatal iAs exposure, in which this relationship was
positive in newborn males and negative in newborn females (Pilsner et al. 2012). In Thailand
(n=71; range of iAs in maternal drinking water=0.18 to 8.38 ug/L), the methylation status of
Long Interspersed Element 1 (LINE-1) elements was used as an indicator of changes in global
DNA methylation levels (Intarasunanont et al. 2012). No associations between LINE-I
methylation and indicators of prenatal iAs exposure were observed, but this study did identify a

positive relationship between in utero arsenic exposure and DNA methylation of the tumor
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protein 53 (7P53) promoter. In iAs-exposed mother-child pairs in Bangladesh (n=113; range of
iAs in maternal drinking water=<1 to 230 ug/L), the relationship between iAs exposure and
DNA methylation patterns of LINE-1 and the 7P53 and cyclin-dependent kinase inhibitor 2A
(CDKN2A/p16) promoters were examined in maternal and umbilical cord leukocytes (Kile et al.
2012). Similar DNA methylation patterns were observed in mothers and newborns, which
included a positive association between maternal U-tAs and LINE-1 methylation and some CpG
sites within the p/6 promoter. Evidence of a non-linear dose-response relationship was also
observed, as the most effects were observed in the middle tertiles of exposure. These results raise
the possibility that epigenetic effects may be observed at relatively moderate levels of exposure,
and that dose-response relationships may be complex, thus underscoring the need for follow-up
studies.

Several genome-wide analyses have identified changes in cord blood DNA methylation
profiles associated with prenatal iAs exposure. One study identified changes observed in New
Hampshire newborns exposed to relatively low levels of iAs in utero (average iAs in maternal
drinking water=1.2 ug/L; average U-tAs=4.1 ug/L) (Koestler et al. 2013). Several DNA regions
were identified in which there was a relationship between DNA methylation levels and maternal
UtAs, but no overall change in the global DNA methylation status was observed. Most of these
differentially-methylated regions were found to be within CpG islands, the CpG-rich areas of
euchromatin known to epigenetically regulate gene expression (Koestler et al. 2013). In
Bangladesh (n=127; median maternal U-tAs at GW30=89 ug/L), an inverse correlation was
observed between maternal U-tAs and the DNA methylation status of cord blood CpG sites
predominantly in boys, and pathway-level analyses of differentially-methylated genes revealed

an overrepresentation of functions associated with cancer development in boys compared to girls
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(Broberg et al. 2014). Another genome-wide analysis of cord blood of prenatally-exposed
Bangladeshi newborns identified differential methylation within CpG regions of cord blood
leukocytes in relationship to prenatal arsenic exposure. Importantly, this analysis identified a
positive association of DNA methylation of CpG regions within 71 genes and levels with iAs in
maternal drinking water after adjusting for U-tAs-associated shifts in leukocyte populations, thus
highlighting that alterations in DNA methylation profiles must be corrected for shifts in
leukocyte populations that may occur due to iAs exposure (Kile et al. 2014). To date, one
genome-wide study has investigated the relationship between changes in DNA methylation and
gene expression in prenatally exposed newborns (Rojas et al. 2015). In this Mexican population
(n=38; arsenic in maternal drinking water=1-236 ug/L, mean U-tAs=73.87 ug/L), the
methylation status of CpG sites from 2919 genes isolated from newborn cord blood was found to
be associated with prenatal iAs exposure. DNA methylation changes within the first exon and
within 200 bp of the transcription start site yielded the most significant association with gene
expression profiles. In addition, a set of seven target genes including growth and diabetes-
associated genes such as the imprinted gene KCNQI (potassium voltage-gated channel, KQT-
like subfamily, member 1) were differentially methylated, differentially expressed, and
associated with birth outcomes/measures in relationship to prenatal arsenic exposure (Rojas et al.
2015). This research identified a commonality at the sequence level of the differentially
methylated genes related to transcriptional factor binding. This transcription factor occupancy
was proposed as a basis for gene-specific DNA methylation patterning that could underlie
responses to 1As and other environmental contaminants (Sanders et al. 2014).

Taken together, these studies reveal several important findings, namely that iAs-

associated alterations in DNA methylation patterns are observed across populations that are
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exposed to varying levels of iAs, and that complex dose-response relationships have been
observed. Effects may be sex-dependent and mother-child pairs have similar alteration patterns,
which may have relevance to sex-dependent and inter-individual susceptibility to iAs-associated
disease. The relevance of these alterations to long-term disease susceptibility and to a large
extent, changes in gene expression patterns at the mRNA or protein level, remain unknown and
must be explored. As with gene expression patterns, the relevance of changes in DNA
methylation patterns in blood leukocytes to disease risk in various target organs is also unknown.

Cancer stem cells. [n vitro and in vivo evidence has indicated that the emergence of
cancer stem cells (CSCs) after prenatal iAs exposure may play important roles in the
development of some iAs-associated cancers, including those associated with prenatal iAs
exposure. CSCs have altered stem cell (SC) functions but retain some characteristics that are key
for their survival and later development into cancers such as self-renewal, quiescence, ability to
differentiate, and conditional mortality (Tokar et al. 2011). In the iAs-exposed fetus, CSCs are
believed to arise from normal SCs or slightly differentiated SC progeny and remain quiescent in
target organs until ultimately transforming into malignant cells (Tokar et al. 2011). Interestingly,
evidence suggests that CSC overabundance is not a characteristic of all carcinogens but at least
some iAs-associated cancers; for instance, the malignant transformation of the prostate epithelial
cell line RWPE-1 by iAs exposure in vitro resulted in an overabundance of CSCs compared to
RWPE-1 cells transformed by cadmium or N-methyl-N-nitrosurea (Tokar et al. 2010b). Arsenic-
transformed malignant epithelial cells have also been shown to “recruit” normal SCs into a CSC
phenotype (Xu et al. 2012), which may help explain the CSC overabundance often observed in

iAs-induced tumors and iAs-transformed cell lines (Tokar et al. 2010b).
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The triggers that end the quiescent state to produce cancers are unknown but may include
the effects of continued exposure to iAs during the postnatal period or postnatal exposure to
other chemicals. For instance, an overabundance of CSCs were observed in the highly aggressive
squamous cell carcinomas (SSCs) that developed in Tg.AC mice after prenatally exposure to
carcinogenic doses (42.5 and 85 ppm) iAs(III) followed by post-natal application of 2 ug/0.1 ml
acetone 12-O-tetradecanoyl phorbol-13-acetate to the skin for 36 weeks (Waalkes et al. 2008).
There is evidence that aberrant gene expression is a key, early event in the development of CSCs.
For instance, the fetal skin of Tg.AC mice that were prenatally exposed to iAs demonstrated
increased expression of several genes associated with SC/carcinogenesis functions including the
oncogene v-Ha-ras, a cell surface marker of keratinocyte SCs and cancer skin cells (CD34), and
a gene involved in keratinocyte SC renewal, namely ras-related C3 botulinum toxin substrate 1
(Racl). Similar to results observed in fetal skin, an examination of the highly aggressive SCCs
that developed in Tg.AC mice after prenatal arsenic exposure and postnatal TPA exposure also
revealed high expression of v-Ha-ras and the CSC markers CD34 and Rac compared to tumors
that arose after TPA treatment alone (Waalkes et al. 2008). A comparison of the tumors arising
from these two treatment groups showed increased expression levels of the pro-growth gene Cd!
and decreased expression of tumor suppressor p/6 in the aggressive SCCs in the iAs
arsenic/TPA group (Waalkes et al. 2008). These data demonstrate a relationship between gene
expression and the acquisition of malignant phenotype. The mechanisms that link iAs exposure
and changes in gene expression patterns of these key genes in CSCs remain understudied and
must be addressed. No alterations were shown in the DNA methylation status of the v-Ha-ras
promoter concurrent with increased v-Ha-ras expression (Waalkes et al. 2008), even though v-

Ha-ras expression has been shown to be controlled by promoter DNA methylation status in
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Tg.AC mice (Cannon et al. 1998). These results underscore that both epigenetic and non-
epigenetic regulatory mechanisms must be explored as potential mechanisms of iAs-induced
changes in gene expression and that it must be taken into account that experimental outcomes are
dependent on a variety of factors including differences in experimental design and methods used.

Immunomodulatory effects. There is considerable evidence from in vitro studies, a range
of animal models, and chronically/prenatally-exposed human populations that iAs has various
immunomodulatory effects (as reviewed by Dangleben et al. 2013). Interestingly, the effects of
iAs on the immune system are complex and seemingly divergent as they include evidence of
both immunosuppression and inflammation, and markers of both effects have been observed
simultaneously in exposed populations (Soto-Pena et al. 2006). At the molecular level, there are
several indications that the immune system is a major target of iAs toxicity as immune response
is a predominant function associated with perturbed mRNAs, miRNAs, and proteins in the cord
blood of iAs-exposed newborns from Mexico or Thailand (Ahmed et al. 2011; Bailey et al. 2014;
Fry et al. 2007; Rager et al. 2014). As discussed below, the immunosuppressive and pro-
inflammatory effects may contribute not only to long-term health effects of iAs such as cancers

but to adverse short-term health effects associated with early-life iAs exposure as well.

Immunosuppression is a significant health concern due to the major roles of the immune
system in functions such as would healing and providing defense against microbial infections
and cancers (Reuter et al. 2010; Vesely et al. 2011). Indicators of immunosuppression that have
been observed in prenatally-exposed infants in Bangladesh include higher mortality, reduced
thymic indices, reduced T cell function, and higher morbidity rates from pneumonia and diarrhea
(Nadeau et al. 2014; Rahman et al. 2010; Rahman et al. 2011; Raqib et al. 2009). There is

evidence that more moderate levels of prenatal exposure can also impact immune response, as
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prenatal iAs exposure was associated with total number of infections requiring physician
visit/prescription medication in infants in New Hampshire (Farzan et al. 2013b). It is currently
unknown if immunosuppressive effects associated with prenatal iAs exposure persist into later
life. If these effects are sustained, they will likely increase the susceptibility to infections and
chronic diseases including cancers that have been associated with iAs exposure (DeWitt et al.

2012; Vega et al. 2009).

There are also indicators of pro-inflammatory effects in prenatally-exposed infants such
as the increased expression of pro-inflammatory genes at the mRNA and protein levels in
newborn cord blood, evidence of oxidative damage in the placenta, and increased expression of
pro-inflammatory proteins in the placenta such as IL1-f3, TNF, and IFN-y (Ahmed et al. 2011;
Bailey et al. 2014; Fry et al. 2007; Nadeau et al. 2014). As a potent producer of reactive oxygen
species (ROS), iAs can stimulate pro-inflammatory effects that not only cause macromolecule
damage but also activate ROS-sensitive signaling pathways implicated in disease development
such as those that involve mitogen activated protein kinases (MAPKs) and the transcription
factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) (Sesti et al. 2012).
Of note, inflammation is associated with several diseases associated with iAs exposure including
adverse birth/pregnancy outcomes, and a sustained inflammatory state is implicated in the
development of several chronic diseases associated with iAs exposure including cancers,
diabetes mellitus, atherosclerosis, and liver fibrosis (Challis et al. 2009; Cosentino and Egidy
Assenza 2004; Iredale 2007; Libby et al. 2002; Vahter 2007; Valko et al. 2006). Therefore, it is
likely that susceptibility to early and later life disease development may be linked in part to the

complex impacts of prenatal iAs exposure on the immune system.

18



Environ Health Perspect DOI: 10.1289/ehp.1409360
Advance Publication: Not Copyedited

Conclusions

Studies in both animal models and human populations have revealed that exposure to iAs
during key developmental periods is associated with the development of latent health effects
including cancers. Due to the latent nature of many of the effects of iAs exposure, the actual
extent of the impact of such exposure is likely underestimated. While the research relating early
life exposure to iAs and the development of long-term health effects continues to advance, there
are many knowledge gaps. Detailed molecular analyses in animal models that employ gene
knockouts or chemical inhibition of targeted pathways are required to elucidate the precise
mechanisms linking iAs exposure and adverse health effects. In addition, relationships must be
made between early-life iAs exposure, molecular alterations, and short-term and long-term
health impacts. In many cases, it is unknown if molecular alterations associated with iAs
exposure are persistent. Thus future research should help to differentiate between adaptive vs.
adverse alterations and may establish biomarkers of exposure and disease susceptibility. It is also
clear that some disease-specific mechanisms such as CSCs exist, but that others such as
epigenetic reprogramming and alterations in immune function may contribute to the
development of numerous adverse health impacts. Studies must also continue to examine effects
observed across a wide range of iAs exposure levels in different populations across the globe,
which will help inform dose-response relationships, sex-dependent impacts, and cofactors
contributing to disease susceptibility. Taken together, the studies described here underscore that
there are likely multiple mechanisms that contribute to the development of latent diseases

associated with early-life iAs exposure.

19



Environ Health Perspect DOI: 10.1289/ehp.1409360
Advance Publication: Not Copyedited

References

Ahmed S, Mahabbat-e Khoda S, Rekha RS, Gardner RM, Ameer SS, Moore S, et al. 2011.
Arsenic-Associated Oxidative Stress, Inflammation, and Immune Disruption in Human
Placenta and Cord Blood. Environ Health Perspect 119:258-264.

Bailey KA, Laine J, Rager JE, Sebastian E, Olshan A, Smeester L, et al. 2014. Prenatal Arsenic
Exposure and Shifts in the Newborn Proteome: Interindividual Differences in Tumor
Necrosis Factor (TNF)-Responsive Signaling. Toxicol Sci 139:328-337.

Bollati V, Baccarelli A. 2010. Environmental Epigenetics. Heredity 105:105-112.

Broberg K, Ahmed S, Engstrom K, Hossain MB, Jurkovic Mlakar S, Bottai M, et al. 2014.
Arsenic exposure in early pregnancy alters genome-wide DNA methylation in cord blood,
particularly in boys. J Devel Orig Health Dis 5:288-298.

Cannon RE, Spalding JW, Virgil KM, Faircloth RS, Humble MC, Lacks GD, et al. 1998.
Induction of transgene expression in Tg.AC (v-Ha-ras) transgenic mice concomitant with
DNA hypomethylation. Mol Carcinog 21:244-250.

Challis JR, Lockwood CJ, Myatt L, Norman JE, Strauss JF, 3rd, Petraglia F. 2009. Inflammation
and Pregnancy. Reproductive Sci 16:206-215.

Cosentino F, Egidy Assenza G. 2004. Diabetes and Inflammation. Herz 29:749-759.

Cottingham KL, Karimi R, Gruber JF, Zens MS, Sayarath V, Folt CL, et al. 2013. Diet and
toenail arsenic concentrations in a New Hampshire population with arsenic-containing
water. Nutrition J 12:149.

Cronican AA, Fitz NF, Carter A, Saleem M, Shiva S, Barchowsky A, et al. 2013. Genome-Wide
Alteration of Histone H3K9 Acetylation Pattern in Mouse Offspring Prenatally Exposed to
Arsenic. PloS One 8:¢53478.

Dangleben NL, Skibola CF, Smith MT. 2013. Arsenic immunotoxicity: A review. Environ
Health: 12:73.

Davis MA, Mackenzie TA, Cottingham KL, Gilbert-Diamond D, Punshon T, Karagas MR. 2012.
Rice Consumption and Urinary Arsenic Concentrations in U.S. Children. Environ Health
Perspect 120:1418-1424.

DeWitt JC, Peden-Adams MM, Keil DE, Dietert RR. 2012. Current Status of Developmental
Immunotoxicity: Early-Life Patterns and Testing. Toxicol Pathol 40:230-236.

20



Environ Health Perspect DOI: 10.1289/ehp.1409360
Advance Publication: Not Copyedited

EFSA. 2009. EFSA Panel on Contaminants in the Food Chain: Scientific Opinion on Arsenic in
Food. EFSA J 12:1351.

Farzan SF, Karagas MR, Chen Y. 2013a. /n utero and early life arsenic exposure in relation to
long-term health and disease. Toxicol Appl Pharmacol 272:384-390.

Farzan SF, Korrick S, Li Z, Enclow R, Gandolfi AJ, Madan J, et al. 2013b. In utero arsenic
exposure and infant infection in a United States cohort: A prospective study. Environ Res
126:24-30.

Fry RC, Navasumrit P, Valiathan C, Svensson JP, Hogan BJ, Luo M, et al. 2007. Activation of
Inflammation/NF-kappaf Signaling in Infants Born to Arsenic-Exposed Mothers. PLoS
Genet 3:€207.

Garcia-Esquinas E, Pollan M, Umans JG, Francesconi KA, Goessler W, Guallar E, et al. 2013.
Arsenic Exposure and Cancer Mortality in a US-Based Prospective Cohort: The Strong
Heart Study. Cancer Epidemiol Biomarkers Prev 22:1944—1953.

Garelick H, Jones H, Dybowska A, Valsami-Jones E. 2008. Arsenic Pollution Sources. Rev
Environ Contam Toxicol 197:17-60.

George CM, Smith AH, Kalman DA, Steinmaus CM. 2006. Reverse Osmosis Filter Use and
High Arsenic Levels in Private Well Water. Arch Environ Occup Health 61:171-175.

Gilbert-Diamond D, Li Z, Perry AE, Spencer SK, Gandolfi AJ, Karagas MR. 2013. A
Population-Based Case-Control Study of Urinary Arsenic Species and Squamous Cell
Carcinoma in New Hampshire, USA. Environ Health Perspect 121:1154—1160.

IARC. 2012. Arsenic, Metals, Fibres, and Dusts. Arsenic and Arsenic Compounds. In:
Monographs on the Evaluation of Carcinogenic Risks to Humans, Vol. 100C. Lyon, France:
TIARC Scientific Publications, 41-93.

Intarasunanont P, Navasumrit P, Waraprasit S, Chaisatra K, Suk WA, Mabhidol C, et al. 2012.
Effects of arsenic exposure on DNA methylation in cord blood samples from newborn
babies and in a human lymphoblast cell line. Environ Health: 11:31.

Iredale JP. 2007. Models of liver fibrosis: Exploring the dynamic nature of inflammation and
repair in a solid organ. J Clin Invest 117:539-548.

Jirtle RL, Skinner MK. 2007. Environmental Epigenomics and Disease Susceptibility. Nature
Rev Genet 8:253-262.

Karagas MR. 2010. Arsenic-related mortality in Bangladesh. Lancet 376:213-214.

21



Environ Health Perspect DOI: 10.1289/ehp.1409360
Advance Publication: Not Copyedited

Kile ML, Baccarelli A, Hoffman E, Tarantini L, Quamruzzaman Q, Rahman M, et al. 2012.
Prenatal Arsenic Exposure and DNA Methylation in Maternal and Umbilical Cord Blood
Leukocytes. Environ Health Perspect 120:1061-1066.

Kile ML, Houseman EA, Baccarelli AA, Quamruzzaman Q, Rahman M, Mostofa G, et al. 2014.
Effect of prenatal arsenic exposure on DNA methylation and leukocyte subpopulations in
cord blood. Epigenetics 9:774—782.

Koestler DC, Avissar-Whiting M, Houseman EA, Karagas MR, Marsit CJ. 2013. Differential
DNA Methylation in Umbilical Cord Blood of Infants Exposed to Low Levels of Arsenic in
Utero. Environ Health Perspect 121:971-977.

Libby P, Ridker PM, Maseri A. 2002. Inflammation and Atherosclerosis. Circulation 105:1135—
1143.

Liu J, Xie Y, Ward JM, Diwan BA, Waalkes MP. 2004. Toxicogenomic Analysis of Aberrant
Gene Expression in Liver Tumors and Nontumorous Livers of Adult Mice Exposed in utero
to Inorganic Arsenic. Toxicol Sci 77:249-257.

Mazumder DN, Steinmaus C, Bhattacharya P, von Ehrenstein OS, Ghosh N, Gotway M, et al.
2005. Bronchiectasis in Persons with Skin Lesions Resulting from Arsenic in Drinking
Water. Epidemiology 16:760—765.

Mukherjee A, Sengupta MK, Hossain MA, Ahamed S, Das B, Nayak B, et al. 2006. Arsenic
contamination in groundwater: A Global Perspective with Emphasis on the Asian Scenario.
J Health Popul Nutr 24:142-163.

Nadeau KC, Li Z, Farzan S, Koestler D, Robbins D, Fei DL, et al. 2014. In utero arsenic
exposure and fetal immune repertoire in a US pregnancy cohort. Clin Immunol 155:188—
197.

NRC. 2001. National Research Council: Arsenic in the Drinking Water 2001 Update.
Washington, DC: National Academy Press.

Parvez F, Chen Y, Yunus M, Olopade C, Segers S, Slavkovich V, et al. 2013. Arsenic Exposure
and Impaired Lung Function. Findings from a Large Population-Based Prospective Cohort
Study. Am J Respir Crit Care Med 188:813—-819.

Pilsner JR, Hall MN, Liu X, Ilievski V, Slavkovich V, Levy D, et al. 2012. Influence of Prenatal
Arsenic Exposure and Newborn Sex on Global Methylation of Cord Blood DNA. PloS One
7:€37147.

22



Environ Health Perspect DOI: 10.1289/ehp.1409360
Advance Publication: Not Copyedited

Pruss-Ustun A, Bos R, Gore F, Bartram J. 2008. Safer water, better health: Costs, benefits and
sustainability of interventions to protect and promote health. World Health Organization,
Geneva. http://www.who.int/quantifying_ehimpacts/publications/saferwater/en/

Rager JE, Bailey KA, Smeester L, Miller SK, Parker JS, Laine JE, et al. 2014. Prenatal arsenic
exposure and the epigenome: Altered microRNAs associated with innate and adaptive
immune signaling in newborn cord blood. Environ Mol Mutagen 55:196-208.

Rahman A, Vahter M, Ekstrom EC, Rahman M, Golam Mustafa AH, Wahed MA, et al. 2007.
Association of Arsenic Exposure During Pregnancy with Fetal Loss and Infant Death: A
Cohort Study in Bangladesh. Am J Epidemiol 165:1389-1396.

Rahman A, Persson LA, Nermell B, El Arifeen S, Ekstrom EC, Smith AH, et al. 2010. Arsenic
Exposure and Risk of Spontaneous Abortion, Stillbirth, and Infant Mortality. Epidemiology
21:797-804.

Rahman A, Vahter M, Ekstrom EC, Persson LA. 2011. Arsenic Exposure in Pregnancy Increases
the Risk of Lower Respiratory Tract Infection and Diarrhea During Infancy in Bangladesh.
Environ Health Perspect 119:719-724.

Rahman MM, Ng JC, Naidu R. 2009. Chronic exposure of arsenic via drinking water and its
adverse health impacts on humans. Environ Geochem Health 31 Suppl 1:189-200.

Raqgib R, Ahmed S, Sultana R, Wagatsuma Y, Mondal D, Hoque AM, et al. 2009. Effects of in
utero arsenic exposure on child immunity and morbidity in rural Bangladesh. Toxicol Lett
185:197-202.

Ravenscroft P, Brammer H, Richards K. 2009. Arsenic Pollution: A Global Synthesis: Wiley-
Blackwell.

Recio-Vega R, Gonzalez-Cortes T, Olivas-Calderon E, Lantz RC, Gandolfi AJ, Alba CG. 2015.
In utero and early childhood exposure to arsenic decreases lung function in children. J Appl
Toxicol 35:358-366.

Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB. 2010. Oxidative stress, inflammation, and
cancer: How are they linked? Free Radic Biol Med 49:1603—-1616.

Rojas D, Rager JE, Smeester L, Bailey KA, Drobna Z, Rubio-Andrade M, et al. 2015. Prenatal
Arsenic Exposure and the Epigenome: Identifying Sites of 5-Methyl Cytosine Alterations
that Predict Functional Changes in Gene Expression in Newborn Cord Blood and

Subsequent Birth Outcomes. Toxicol Sci 143: 97-106.

23



Environ Health Perspect DOI: 10.1289/ehp.1409360
Advance Publication: Not Copyedited

Sanders AP, Messier KP, Shehee M, Rudo K, Serre ML, Fry RC. 2012. Arsenic in North
Carolina: Public Health Implications. Environ Int 38:10-16.

Sanders AP, Smeester L, Rojas D, DeBussycher T, Wu MC, Wright FA, et al. 2014. Cadmium
exposure and the epigenome: Exposure-associated patterns of DNA methylation in
leukocytes from mother-baby pairs. Epigenetics 9:212-221.

Sen P, Biswas T. 2013. Arsenic: The largest mass poisoning of a population in history. BMJ
346:13625.

Sesti F, Tsitsilonis OE, Kotsinas A, Trougakos IP. 2012. Oxidative Stress-mediated
Biomolecular Damage and Inflammation in Tumorigenesis. In Vivo 26:395-402.

Smith AH, Lingas EO, Rahman M. 2000. Contamination of drinking-water by arsenic in
Bangladesh: A public health emergency. Bull World Health Organ 78:1093—1103.

Smith AH, Marshall G, Yuan Y, Ferreccio C, Liaw J, von Ehrenstein O, et al. 2006. Increased
Mortality from Lung Cancer and Bronchiectasis in Young Adults after Exposure to Arsenic
in Utero and in Early Childhood. Environ Health Perspect 114:1293—-1296.

Smith AH, Steinmaus CM. 2009. Health Effects of Arsenic and Chromium in Drinking Water:
Recent Human Findings. Annu Rev Public Health 30:107—122.

Smith AH, Marshall G, Liaw J, Yuan Y, Ferreccio C, Steinmaus C. 2012. Mortality in Young
Adults Following in Utero and Childhood Exposure to Arsenic in Drinking Water. Environ
Health Perspect 120:1527-1531.

Smith AH, Yunus M, Khan AF, Ercumen A, Yuan Y, Smith MH, et al. 2013. Chronic respiratory
symptoms in children following in utero and early life exposure to arsenic in drinking water
in Bangladesh. Int J Epidemiol 42:1077-1086.

Soto-Pena GA, Luna AL, Acosta-Saavedra L, Conde P, Lopez-Carrillo L, Cebrian ME, et al.
2006. Assessment of lymphocyte subpopulations and cytokine secretion in children exposed
to arsenic. FASEB J 20:779-781.

Srivastava S, D'Souza SE, Sen U, States JC. 2007. In utero arsenic exposure induces early onset
of atherosclerosis in ApoE-/- mice. Reprod Toxicol 23:449-456.

States JC, Singh AV, Knudsen TB, Rouchka EC, Ngalame NO, Arteel GE, et al. 2012. Prenatal
Arsenic Exposure Alters Gene Expression in the Adult Liver to a Proinflammatory State

Contributing to Accelerated Atherosclerosis. PloS One 7:¢38713.

24



Environ Health Perspect DOI: 10.1289/ehp.1409360
Advance Publication: Not Copyedited

Steinmaus C, Ferreccio C, Acevedo J, Yuan Y, Liaw J, Duran V, et al. 2014. Increased Lung and
Bladder Cancer Incidence in Adults after in Utero and Early-Life Arsenic Exposure. Cancer
Epidemiol Biomarkers Prev 23:1529-1538.

Tokar EJ, Diwan BA, Waalkes MP. 2010a. Arsenic Exposure In Utero and Nonepidermal
Proliferative Response in Adulthood in Tg.Ac Mice. Int J Toxicol 29:291-296.

Tokar EJ, Qu W, Liu J, Liu W, Webber MM, Phang JM, et al. 2010b. Arsenic-Specific Stem
Cell Selection During Malignant Transformation. J Natl Cancer Inst 102:638-649.

Tokar EJ, Qu W, Waalkes MP. 2011. Arsenic, Stem Cells, and the Developmental Basis of Adult
Cancer. Toxicol Sci 120 Suppl 1:S192-203.

Uddin R, Huda NH. 2011. Arsenic poisoning in bangladesh. Oman Med J 26:207.

Vahter ME. 2007. Interactions Between Arsenic-Induced Toxicity and Nutrition in Early Life. J
Nutr 137:2798-2804.

Valko M, Rhodes CJ, Moncol J, Izakovic M, Mazur M. 2006. Free radicals, metals and
antioxidants in oxidative stress-induced cancer. Chem Biol Interact 160:1—-40.

Vega L, Soto G, Luna A, Acosta L, Conde P, Cebrian M, et al. 2009. Early signs of
immunodepression induced by arsenic in children. In: Natural Arsenic in Groundwaters of
Latin America (Bundschuh J et al., eds). CRC Press.

Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ. 2011. Natural Innate and Adaptive
Immunity to Cancer. Ann Rev Immunol 29:235-271.

Waalkes MP, Ward JM, Liu J, Diwan BA. 2003. Transplacental carcinogenicity of inorganic
arsenic in the drinking water: Induction of hepatic, ovarian, pulmonary, and adrenal tumors
in mice. Toxicol Appl Pharmacol 186:7-17.

Waalkes MP, Liu J, Chen H, Xie Y, Achanzar WE, Zhou YS, et al. 2004a. Estrogen Signaling in
Livers of Male Mice with Hepatocellular Carcinoma Induced by Exposure to Arsenic In
Utero. J Natl Cancer Inst 96:466—474.

Waalkes MP, Liu J, Ward JM, Diwan BA. 2004b. Animal models for arsenic carcinogenesis:
Inorganic arsenic is a transplacental carcinogen in mice. Toxicol Appl Pharmacol 198:377—

384.

25



Environ Health Perspect DOI: 10.1289/ehp.1409360
Advance Publication: Not Copyedited

Waalkes MP, Ward JM, Diwan BA. 2004c. Induction of tumors of the liver, lung, ovary and
adrenal in adult mice after brief maternal gestational exposure to inorganic arsenic:
Promotional effects of postnatal phorbol ester exposure on hepatic and pulmonary, but not
dermal cancers. Carcinogenesis 25:133—141.

Waalkes MP, Liu J, Ward JM, Diwan BA. 2006a. Enhanced urinary bladder and liver
carcinogenesis in male CD1 mice exposed to transplacental inorganic arsenic and postnatal
diethylstilbestrol or tamoxifen. Toxicol Appl Pharmacol 215:295-305.

Waalkes MP, Liu J, Ward JM, Powell DA, Diwan BA. 2006b. Urogenital Carcinogenesis in
Female CD1 Mice Induced by /n utero Arsenic Exposure is Exacerbated by Postnatal
Diethylstilbestrol Treatment. Cancer Res 66:1337—-1345.

Waalkes MP, Liu J, Germolec DR, Trempus CS, Cannon RE, Tokar EJ, et al. 2008. Arsenic
Exposure In utero Exacerbates Skin Cancer Response in Adulthood with Contemporaneous
Distortion of Tumor Stem Cell Dynamics. Cancer Res 68:8278-8285.

Wasserman GA, Liu X, Parvez F, Ahsan H, Factor-Litvak P, van Geen A, et al. 2004. Water
Arsenic Exposure and Children's Intellectual Function in Araihazar, Bangladesh. Environ
Health Perspect 112:1329-1333.

Wasserman GA, Liu X, Parvez F, Ahsan H, Factor-Litvak P, Kline J, et al. 2007. Water Arsenic
Exposure and Intellectual Function in 6-Year-Old Children in Araihazar, Bangladesh.
Environ Health Perspect 115:285-289.

WHO. 2011. Guidelines for Drinking Water Quality, 4™ Edition. Geneva, Switzerland.
http://www.who.int/water_sanitation_health/publications/2011/dwq_chapters/en/

Xie Y, Liu J, Benbrahim-Tallaa L, Ward JM, Logsdon D, Diwan BA, et al. 2007. Aberrant DNA
methylation and gene expression in livers of newborn mice transplacentally exposed to a
hepatocarcinogenic dose of inorganic arsenic. Toxicology 236:7—15.

Xu'Y, Tokar EJ, Sun Y, Waalkes MP. 2012. Arsenic-Transformed Malignant Prostate Epithelia
Can Convert Noncontiguous Normal Stem Cells into an Oncogenic Phenotype. Environ
Health Perspect 120:865-871.

Yuan Y, Marshall G, Ferreccio C, Steinmaus C, Selvin S, Liaw J, et al. 2007. Acute Myocardial
Infarction Mortality in Comparison with Lung and Bladder Cancer Mortality in Arsenic-

exposed Region II of Chile from 1950 to 2000. Am J Epidemiol 166:1381-1391.

26



Environ Health Perspect DOI: 10.1289/ehp.1409360
Advance Publication: Not Copyedited

Yuan Y, Marshall G, Ferreccio C, Steinmaus C, Liaw J, Bates M, et al. 2010. Kidney Cancer
Mortality: Fifty-year Latency Patterns Related to Arsenic Exposure. Epidemiology 21:103—
108.

27



